ABSTRACT Myxobacteria are social bacteria that exhibit a complex life cycle culminating in the development of multicellular fruiting bodies. The alignment of rod-shaped myxobacteria cells within populations is crucial for development to proceed. It has been suggested that myxobacteria align due to mechanical interactions between gliding cells and that cell flexibility facilitates reorientation of cells upon mechanical contact. However, these suggestions have not been based on experimental or theoretical evidence. Here we created a computational mass-spring model of a flexible rod-shaped cell that glides on a substratum periodically reversing direction. The model was formulated in terms of experimentally measurable mechanical parameters, such as engine force, bending stiffness, and drag coefficient. We investigated how cell flexibility and motility engine type affected the pattern of cell gliding and the alignment of a population of 500 mechanically interacting cells. It was found that a flexible cell powered by engine force at the rear of the cell, as suggested by the slime extrusion hypothesis for myxobacteria motility engine, would not be able to glide in the direction of its long axis. A population of rigid reversing cells could indeed align due to mechanical interactions between cells, but cell flexibility impaired the alignment.
INTRODUCTION
Myxobacteria are social bacteria that exhibit a complex life cycle. When nutrients are available, myxobacteria cooperatively swarm and feed. Upon starvation, they aggregate to form multicellular spore-filled fruiting bodies, whose structure in different species can vary from simple mounds to elaborate treelike structures (1, 2) . Although significant insight into the morphogenesis of myxobacterial fruiting bodies has been made over the recent decades, mechanisms of their formation are not completely understood.
Swarming of myxobacteria and the formation of fruiting bodies depend on the movement of individual cells. Myxobacteria cells are flexible rods (3, 4) that move on a substratum by gliding, which is defined as the movement of a bacterium on a solid surface in the direction of the long axis of the cell without the aid of flagella (5) . Two gliding motility systems have been identified in Myxococcus xanthus, the most studied myxobacterium (6) . One type of motility, S-motility, is known to be powered by the extension, adhesion, and retraction of type IV pili from the leading pole of the cell (7) . The other type, A-motility, is less understood. Two dominant hypotheses for A-motility suggest that it might be powered by extrusion of slime from the rear of the cell (the slimegun model, (8) ) or alternatively, by focal adhesion complexes that are fixed to the substratum along the whole length of the cell (9) , similar to focal adhesions of eukaryotic cells (10) . Myxobacterial cells periodically reverse the direction of gliding, i.e., the leading pole after the reversal becomes the trailing pole (11) .
Throughout their life cycle, multiple myxobacteria cells often align to form rafts, sheets, spirals, streams, and traveling waves (ripples) (12) (13) (14) (15) (16) (17) . Swarms and fruiting bodies are also formed by domains of aligned cells (12, 18) . It has been shown that alignment of M. xanthus cells is necessary for development of fruiting bodies to proceed, because it allows for transfer of membrane-bound C-signal, an essential regulator of M. xanthus development (19) . Organized arrays of aligned cells can form from initially randomly oriented cells within several hours (13, 20) . It is known that A-motility alone is sufficient for domains of aligned cells to form (20) , but mechanisms of cell alignment are not known. It has been suggested that myxobacteria align due to mechanical interactions between moving rod-shaped cells (20) (21) (22) , and that cell flexibility facilitates reorientation of cells upon mechanical contact (23, 24) . However, these suggestions have not been based on experimental or theoretical evidence.
Numerous modeling studies addressed the question of myxobacterial development (22, 25, 26) , but only a few of them studied the importance of mechanical factors. It has been shown that stiff rods can locally align because of geometrical constraints (27) , and that a population of self-propelled stiff rods can form clusters due to mechanical interactions (28) . In another study (29) , a cellular Potts model was used to show that cell flexibility affects cell clustering in a population of 100 nonreversing cells, but no prediction of measurable bending stiffness values was made. In this article, by means of a computational mass-spring model, we study how the movement of a single flexible rod-shaped cell and the alignment of a population of 500 mechanically interacting cells depend on cell flexibility and A-motility engine type. The model is formulated in terms of experimentally measurable mechanical parameters, such as engine force, bending stiffness, and drag coefficient. We consider two A-motility hypotheses that correspond to the slime-gun and the focal adhesions models. The results of the study reveal the importance of cell bending stiffness on the gliding pattern of a slime-gun powered cell and on the ability of a larger population of cells to align.
MODEL DESCRIPTION
To study the pattern of cell gliding and the alignment of a population of cells, we created a mass-spring model (30) of a flexible rod-shaped bacterium that moves on a substratum and interacts mechanically with other bacteria. In the model description that follows, we represent vectors by boldface letters and magnitudes of the vectors by the same lightface letters.
Particles
A bacterium of length L and width W is modeled as an ordered array of N particles that are connected by linear and angular springs (Fig. 1 A) . Every particle i ¼ 1,.,N has a position r i , velocity v i , and is acted upon by various forces F i . Forces that act on a particle arise from linear and angular springs within the same bacterium, an engine that propels the bacterium, drag with the substratum, and collisions between different bacteria or parts of the same bacterium.
Linear springs
Linear springs keep adjacent particles of the same bacterium at a certain distance apart, resisting elongation or shortening of the bacterium (Fig. 1 B) . A linear spring i connects every two adjacent particles i and iþ1, and is defined by a vector l i ¼ r iþ1 -r i , where i ¼ 1,.,N -1 and l i is the length of the spring, an equilibrium length l 0 ¼ (L -W)/(N -1) and a stiffness k l . The force exerted by the linear spring i on particle i is determined by Hooke's law,
The same linear spring i exerts an opposite force
on the adjacent particle iþ1. Moving and colliding myxobacteria cells do not shorten or elongate (31) , therefore, the value of k l was chosen to be large enough to model a cell that does not change its length markedly during simulations (Table 1) .
Angular springs
Angular springs allow a bacterium to resist bending. An angular spring i connects every three adjacent particles i, iþ1 and iþ2, where i ¼ 1,.,N -2 ( Fig. 1 C) . The angular spring i has a stiffness k a and exerts forces on all three particles so that the angle a i between l i and l iþ1 decreases. When the three particles are aligned, i.e., when a i ¼ 0, the angular spring does not exert any forces. The angular spring i produces two self-equilibrating torques with respect to r iþ1 : a torque t i a,i on particle i and a torque t a;i iþ2 on particle iþ2. The magnitude of both torques is t a;i ¼ k a a i ; the direction of t a;i i ist 
The system of three particles acted by an angular spring defined in this way satisfies the conservation of linear and angular momenta.
Engine forces
Because S-motility is not necessary for the alignment of M. xanthus cells (20) , we model only A-motility. Two , where a force is generated along the whole length of the cell, and 2. A rear engine (analogous to the slime-gun hypothesis), where a force is generated at the trailing pole of the cell.
Because a bacterium can reverse its direction of movement, an engine direction property k e determines which pole of the bacterium is the leading or the trailing pole. k e can take values À1 or 1; if k e ¼ 1, the particle i ¼ 1 is the leading pole and the particle i ¼ N is the trailing pole, whereas k e ¼ À1 indicates the opposite case. The reversal of direction is modeled as a change in the value of k e . Further, at every particle position r i we define a unit vector t i tangent to the bacterial body. The valuet i has the same direction as Àk
The distributed engine is then modeled by adding to every particle i of the bacterium a force
where F e is the magnitude of the engine force (Table 1) , whereas a rear engine is modeled by adding a force to the trailing particle of the bacterium (Fig. 1 D) . The magnitude of the A-motility engine force is unknown; we use the value obtained by theoretical estimation of Wolgemuth et al. (8) (see Table 1 ). We also investigate how a change in the magnitude of the engine force affects the outcome of simulations.
Collision detection and response
A number of bacteria moving on a substratum or parts of a bending bacterium can overlap, resulting in a collision.
In such an event, we introduce forces that separate bacteria or their parts (Fig. 1 E) . For collision detection and response, a bacterium j ¼ 1, ., M, where M is the number of bacteria in the population, is viewed as an array of line segments, whose ends are defined by particle positions. Each ith line segment of a bacterium j is defined parametrically by Q ij ðPÞ ¼ r ij þ Pðr ðiþ1Þj À r ij Þ; where 0 % P % 1 and r ij indicates the position of a particle i in a bacterium j. If two line segments Q ij and Q kl are not adjacent segments on the same bacterium (i.e., if the segments do not share the same endpoint), a collision occurs if the distance between them becomes smaller than the bacterial width W. Thus, for each such pair of segments we find the points Q ij (P 1 ) and Q kl (P 2 ) on those segments that are separated by the smallest distance d, where
we introduce interaction forces to the particles at the ends of the segments to push the two segments apart:
where k c is the collision stiffness. Parameter k c is chosen freely to ensure that moving bacteria or parts of the same bacterium do not overlap markedly during the simulation (Table 1) .
In addition, excessive bending of each angular spring i is limited by introducing interaction forces on particles r i and r iþ2 . Because the length of a segment in our simulations does not effectively change due to stiff linear springs, the forces are introduced if the distance between the particles r i and r iþ2 become smaller than W, i.e., we find a vector d ¼ r i -r iþ2 and introduce forces
Drag forces and equations of motion
A myxobacterium on a substratum will often move in slime that is secreted by the cell itself and by other cells (33) .
A bacterium moving at relatively slow speeds in viscous slime (i.e., at low Reynolds numbers) will be acted upon by Stokes drag force that is proportional to velocity of the bacterium. As predicted by the slender body theory, drag force on a cylinder-shaped myxobacterium would be twice Biophysical Journal 99(10) 3129-3138
Flexibility of Myxobacteriaas large in the direction normal to the bacterial body compared to the drag force in the direction parallel to the body (34) . We model this effect by considering anisotropic Stokes drag forces on separate particles. The direction tangential to the bacterium body ist i (see Engine Forces, above), and the direction normal to bacterial body isn i , found by rotatingt i by p/2 in the plane made by l i and l iþ1 . The drag force on a particle i in the direction tangent to the bacterial body is
; and the drag force in the direction normal to bacterial body is
where superscripts t and n denote component vectors and a drag coefficient z in the direction oft i andn i , respectively. The terminal (final) velocity of a particle, v f i , is the velocity at which the drag force will balance all the other forces acting on the particle,
where F i is the sum of the forces of all linear and angular springs, engine and contact forces that act on a particle i,
and z n ¼ 2z t . To our knowledge, the drag coefficient of a myxobacterium moving on a substratum has not been experimentally determined. Therefore, the value of z t was chosen so that the terminal speed of a model bacterium powered by the engine force and moving in a straight line would be equal to the experimentally observed speed of M. xanthus v b (Table 1) 
Given the values of F e and v b , mass of a particle m ¼ rLp(W/2) 2 /N, found by approximating the shape of a bacterium by a cylinder with density r (Table 1) , the value of z t was found to be such that the bacterium reaches the terminal velocity iñ 10 À11 s. Because the timescale of myxobacteria movement is that of minutes, we assume in the model that inertia effects are negligible and that the velocity of a particle at each given time is v i ¼ v f i , proportional to the sum of forces that act on it (excluding drag). This leads to a system of differential equations
for all bacteria j, describing the movement of all particles of all bacteria in the population.
In this study, all bacteria move on a planar substratum (i.e., on the x-y plane). Therefore vectors r i and v i are twodimensional and the system in Eq. 1 translates into a system of 2 Â N Â M ordinary differential equations. We solve the system numerically with the Dormand-Prince fifth-order Runge-Kutta method (35) to obtain the positions of all particles in time. The algorithm was modified to include a maximum time step W/(4v b ) in order to allow for collision detection. The parameter values used for simulations and error tolerance of the solver are listed in Table 1 .
After each successful integration step, the direction of a bacterium is reversed if t -t LR > T R , where t is the current time of the simulation, t LR is the time of the last reversal of the bacterium, and T R is time interval until the next reversal. After a reversal, a new T R value for the bacterium is sampled from a normal distribution with parameters following experimental measurements by Wu et al. (25) .
Analysis of results
Every value of k a was mapped to bending stiffness B of a bacterium viewed as a beam using the following procedure. A model bacterium was fixed at one end, a known force normal to the bacterial body was applied to the free end, and its deflection was calculated. Bending stiffness was then found from B ¼ ðF=DzÞððL À WÞ 3 =3Þ; where F is the magnitude of the applied force and Dz is the deflection of the free end (36) . The orientation of a bacterium j was defined as a vector pointing from the trailing particle to the leading particle of the bacterium, o j ¼ k e ðr 1j À r Nj Þ:
Alignment of a population of cells at time t was quantified by average orientation correlation (similar to the orientation correlation function used by Wu et al. (25) ),
where the sum is over all cell pairs, K is the number of cell pairs, and qðo j ðtÞ; o k ðtÞÞ is the angle between the orientations of bacteria j and k at time t. Each term in the sum is equal to 1 if the two cells are aligned and equal to À1 if the orientations of the two cells are perpendicular. The ability of a cell j to maintain its orientation in time was quantified by the orientation autocorrelation function, C a j ðDtÞ ¼ ð1=KÞ
where the sum is over all t values for which t þ Dt are defined, and K is the number of such values. This function shows how well the orientation of the cell at time t is correlated with its orientation at time t þ Dt.
RESULTS
In this study, we investigated how flexibility of a rod-shaped cell affected:
1. The pattern of movement of a single cell powered by the rear and distributed engines.
2. The alignment of two colliding cells. 3. The alignment of a population of 500 mechanically interacting cells.
Flexible rear-engine powered cells exhibit flailing behavior
We first modeled gliding of a single cell on a substratum and studied how bending stiffness of the cell and the engine type affected the pattern of cell movement. The cell was initially placed with all its particles in a straight line, except for the trailing particle, which was offset from the long axis of the cell by 1% of cell width to introduce initial perturbation in engine direction. Cells with the distributed engine moved in a straight line independently of their bending stiffness (see Movie S1 in the Supporting Material). However, rearpowered cells moved in a straight line only for large bending stiffness values. For small bending stiffness values, shortly after the movement started, cells exhibited flailing behavior, i.e., complex snakelike movements (see Fig. 2 , Movie S2, and Movie S3) that were a result of cell bending caused by the engine force acting on the trailing pole of the cell. Very flexible cells with the rear engine were completely unable to produce directed movement (Movie S3). In a flailing cell, the trailing particle travels a longer distance than the leading particle. This observation allowed us to estimate that the bending stiffness value below which a rear-engine cell exhibited flailing was B f ¼ 2 Â 10 À23 J$m (Fig. S1 A) . In general, the value of B f depends on the size of the engine force: a larger force is able to bend stiffer cells and is therefore expected to result in a larger value of B f (Fig. S1 ).
Two flexible cells align better upon contact than two rigid cells
We next simulated a collision between two nonreversing cells and estimated how cell alignment after the collision depends on cell bending stiffness and the engine type. Two cells were initially placed on a substratum with random orientations and with their leading particles at random positions in a square with side L. Movements of the two cells were then simulated over an interval of 5 min. We studied a number of random initial configurations, each determined by initial positions and orientations of the cells. For each configuration we simulated movements of the cells for different bending stiffness values and two engine types. An example of the two cell collisions for two different bending stiffness values is shown in Fig. 3 , Movie S4 and Movie S5.
We analyzed only those initial configurations that resulted in an effective collision between cells, i.e., the configurations where a collision between distributed engine cells produced a change in orientation of 5 or more of at least one cell for at least one bending stiffness value. For cells with the distributed engine, the average alignment of the two cells due to collision increased as the bending stiffness of the cell decreased (Fig. 4, solid line) . The alignment of rear-powered cells due to collision depended on cell flexibility in a similar manner only above the value B f (Fig. 4 , dashed line). Below B f , rear-engine cells exhibited flailing behavior, continuously changed their orientation and therefore their ability to align was impaired. These results suggest that for nonflailing cells, flexibility helps two colliding cells to align. Similar results are obtained with different magnitudes of the engine force (Fig. S2 ).
Flexibility interferes with the alignment of a population of cells
The effect of cell flexibility on the alignment of a large population of cells was interestingly found to be opposite of that on the alignment of two colliding cells. We simulated movements of 500 reversing, mechanically interacting cells over a period of 4 h and studied how the alignment of the population is affected by bending stiffness of the cell. The 500 cells were initially placed in a square computational domain with random positions and orientations (Fig. 5 A) . The size of the domain was chosen so that the density of cells was 1=ðpðL=2Þ 2 Þ ¼ 5 Â 10 6 cm À2 : This density value allows for random distribution of cells within the domain and is physiologically relevant (37) . Periodic boundaries Simulation results show that populations of rigid cells are well aligned at 4 h (Fig. 5 B) and the alignment is relatively stable (see Fig. S3 and Movie S6). In contrast, populations of flexible cells appear poorly aligned, although small temporary clusters consisting of tens of aligned cells are still visible (Fig. 5 C, Fig. S3 , and Movie S7). The alignment (average orientation correlation) of a population at 4 h for different cell bending stiffness values and two engine types is shown in Fig. 6 (see also Fig. S4 for variability between individual simulations). The average orientation correlation is close to zero (i.e., alignment is poor) for small bending stiffness values, but increases steeply to a plateau value as bending stiffness of the cell increases. In other words, flexibility impairs the ability of a population to align for cells both with the distributed and the rear engines. Below the bending stiffness value B f a population of rear-powered cells is not expected to align well due to cell flailing, as the simulation results confirm (Fig. 6) . However, a population of rear-powered cells shows poor alignment for bending stiffness values as high as 7 Â 10 À23 J$m, the values for which a rear-powered cell does not flail. This suggests that flexibility interferes with the alignment of rear-powered cells directly, but not through the effect on the flailing motion of the cell.
We also found that the effect of cell flexibility on the alignment of the population is robust with respect to the initial configuration of cells. If all cells were initially aligned (Fig. S5 A) , they remained well aligned throughout the 4 h if the cells were rigid (Fig. S5 B) . However, a population of flexible cells rapidly lost its alignment (Fig. S5 C and Movie S8). The average orientation correlation of a population at 4 h as a function of the bending stiffness of the cell has a similar appearance to the one shown in Fig. 6 (Fig. S6) .
In addition, to show that the effect of cell flexibility on the ability of a population to remain aligned is robust with respect to cell density in the domain, we simulated movements of 490 densely-packed (cell density 4 Â 10 7 cm À2 ), initially aligned cells (Fig. 7 A) . A population of rigid cells remained well aligned at 4 h (Fig.7 B and Movie S9), but a population of flexible cells lost their alignment (Fig.7 C, Movie S10, and Fig. S7 ).
Flexible cells are less likely to retain their orientation upon contact
To understand why the population of flexible cells is unable to align, although flexibility helps two colliding cells to align (Fig. 4) , we analyzed the ability of a cell to retain its (Fig. 8 A) . Fig. 8 B shows that the decay time of C a increases with increasing bending stiffness. In other words, as a cell becomes more flexible, it loses the ability to maintain its orientation for longer times. Conversely, rigid cells are more resistant to changes in their orientation upon mechanical interaction with other cells. Fig. 3 illustrates the mechanism of the inability of flexible cells to maintain their orientations upon contact. When two rigid cells that are almost aligned collide, they often adjust their orientations and continue to move in the directions similar to those before the contact (Fig. 3 A and Movie S4). However, if the cells are flexible, they bend upon contact and move in circular paths (Fig. 3 B and Movie S5). In both cases, cells align well; however, circular motion of flexible cells results in large changes in their orientations during the collision.
The inability of flexible cells to maintain their orientations upon contact can explain why a larger population of flexible cells is not capable to align. In a well-aligned population of flexible cells, the cells would collide at small angles and would markedly change their orientation (similar to the situation in Fig. 3 B) . The new orientations of the two cells would be very different from the dominant orientation of the remaining population. Thus, multiple collisions between flexible cells would result in the deterioration of alignment of an initially aligned population (Movie S8 and Movie S10). Collisions between rigid cells in a well-aligned population would not change their orientation markedly (Fig. 3 A) , thus keeping a population well aligned (Movie S9). This is further supported by the fact that for intermediate bending stiffness values (5 Â 10 À23 to 5 Â 10 À22 J$m), both the alignment of the population of rear-powered cells and the ability of a rear-engine cell to maintain orientation are poorer than those of cells with the distributed engine ( Fig. 6 and Fig. 8 B) . Poorer ability of a rear-engine cell to maintain orientation in comparison with a distributed engine cell can be explained by a larger torque that is applied by the rear engine force to the bent cell, resulting in a faster cell rotation upon contact. Furthermore, an increase in the magnitude of the engine force results in larger bending stiffness values for which a population fails to align (Fig. S8 ). Larger engine forces are able to bend stiffer cells, therefore their ability to maintain orientation is impaired. 
DISCUSSION
In this study we created a mechanical mass-spring model of a flexible rod-shaped cell that glides on a substratum and showed that bending stiffness and engine type affected the pattern of cell gliding and the alignment of a population of 500 mechanically interacting cells. Two motility systems have been described in M. xanthus (6) . Whereas the mechanism of S-motility is known to involve the extension and retraction of type IV pili (7), the mechanism of A-motility is debated (38, 39) . Among the most discussed hypotheses for A-motility mechanism are the slime-gun model, where the force is generated at the trailing pole of the cell by extrusion and swelling of polyelectrolyte gel (8) , and the focal adhesions model, where the force is produced at the sites of adhesion with the substratum along the whole length of the cell (9) . Powered by the motility engine, a myxobacterium cell glides on a substratum along the long axis of the cell (31). Our simulations suggest that a rear-engine (i.e., slime-gun) powered cell would be able to travel in the direction of the long axis of the cell only when bending stiffness of the cell is above the value B f ¼ 2 Â 10 À23 J$m. Below that value, a cell would exhibit flailing, complex snakelike movements. Those movements would arise because the engine force acting on the trailing pole would bend the cell and produce torque that would rotate the cell. Flailing of M. xanthus has been observed experimentally when the leading pole of the cell is stuck (3, 9) . Our results show that a flexible rear-powered bacterium could exhibit flailing behavior even when the leading pole of a bacterium is free to move. Very flexible rear-engine cells would not be capable to produce any directed movement due to extensive flailing. In addition, we show that when engine forces are generated along the whole length of the cell, as the focal adhesions model of A-motility proposes, a cell would be able to glide along the long axis of the cell independently of its bending stiffness. To our knowledge, bending stiffness of a myxobacterium cell has not been experimentally determined. Wolgemuth (40) theoretically estimated bending stiffness of M. xanthus to be 3 Â 10 À23 J$m by using experimental observations of the shape of a flailing cell (3) . Bending stiffness of a cell can also be estimated by assuming that the principal structural component of a cell is hollow-cylinder shaped cell wall. The bending stiffness can then be found from B ¼ pEa 3 t, where E is Young's modulus of the cell wall, a is the radius of the cylinder, and t is the thickness of the cylinder wall (peptidoglycan) (36) . Given the values of E ¼ 0.25 MPa (41), t ¼ 6.35 nm (Escherichia coli), and t ¼ 2.41 nm (Pseudomonas aeruginosa) (42), bending stiffness of a M. xanthus cell is estimated to be between 3.0 Â 10 À23 J$m and 7.8 Â 10 À23 J$m. All estimated values are large enough to allow a slime-gun powered cell to produce directed movement, as predicted by our model. Furthermore, Kaiser and Crosby (14) observed that moving M. xanthus cells tend to glide with a small change in direction. In our model, such movement could be accounted for by a rear-engine powered cell with a bending stiffness value smaller but very close to B f . It must also be emphasized that our determined value of B f is dependent on the magnitude of the A-motility engine force, which has not been experimentally measured, but only estimated theoretically (8) . To further investigate the conditions of cell flailing, the type of analysis performed by Wolgemuth (40) could also be appropriate.
Myxobacteria often form various multicellular structures from aligned cells, such as multicellular rafts, swirls, streams, or traveling waves (12) (13) (14) (15) (16) (17) (18) . The extent of Biophysical Journal 99(10) 3129-3138 alignment can vary from arrays of hundreds of aligned cells (13, 18, 20, 25) to the global alignment of the whole population during traveling wave formation (16) . It has been observed that a population of initially randomly oriented M. xanthus cells can form aligned domains within several hours (13, 20) , although mechanisms of cell alignment are not well known. It is often assumed that cells align due to mechanical interactions between cells (20) (21) (22) and that flexibility facilitates cell reorientation upon collision (24) . Furthermore, slime trails that are left by gliding cells on a substratum and used by other gliding cells as tracks are thought to contribute to cell alignment (4, 15, 25, 33) . We show that a population of 500 randomly oriented reversing rigid cells (with bending stiffness values larger than 1 Â 10 À22 J$m for distributed engine cells and larger than 5 Â 10 À22 J$m for rear-engine cells), powered by A-motility alone, without the need of S-motility or slime trails, could align well within several hours only due to mechanical interactions between gliding cells. However, a population of flexible cells (with bending stiffness values smaller than 5 Â 10 À23 J$m) would not be able to align, but would only produce small temporary clusters consisting of tens of aligned cells. Because random orientations of cells at the beginning of development might only be a laboratory condition, hardly ever seen in nature (12), we also found that alignment or nonalignment of a population is robust with respect to the initial configuration of cells and cell density. In other words, a population of initially aligned flexible cells, even when they are densely packed, would not be able to maintain the aligned state, whereas a population of rigid cells would stay well aligned. The inability of a larger population of flexible cells to align in our simulations is caused by the tendency of flexible cells to bend upon contact and move in circular paths (Fig. 3 B) , resulting in large changes in the orientations of colliding cells. In contrast, rigid cells are more resistant to changes in their orientation upon collision. The ability of colliding cells to align while maximally preserving their orientations before the contact appears to be crucial in order for a population to align or remain aligned in our model. Overall, we conclude that cell flexibility can interfere with the formation of streams, traveling waves, domains of aligned cells within swarms, or other structures from aligned cells.
Marked bending and movement of myxobacteria cells in circular paths while in contact have been observed experimentally at low cell densities (43) , suggesting poor ability of myxobacteria cells to maintain their orientations upon collisions. In addition, for the bending stiffness value of a M. xanthus cell theoretically estimated by Wolgemuth (40) , our model predicts that a population of cells would not be able to align within several hours only because of mechanical interactions between cells. We therefore suggest that other factors might play a role in the alignment of myxobacteria cells. Myxobacteria cells often move in slime secreted by other cells (33) . Viscous extracellular slime surrounding cells could increase their effective bending stiffness, thus affecting their alignment and flailing behavior. It has also been proposed that focal adhesions (hypothesized to be a part of A-motility engine) may act as attachment points between a cell and substratum. A cell would have extra bending stiffness due to the attachment (44).
Kaiser and Welch (23) proposed that cell flexibility helps myxobacteria to overcome traffic jams during fruiting body formation. This idea is consistent with our findings that flexibility allows cells to more easily change orientation upon mechanical interaction. In addition, our results suggest that the value of bending stiffness of myxobacteria could be a result of a trade-off: the ability of a population to efficiently align (e.g., to form streams and traveling waves) at the initial stages of fruiting body development would require a rigid cell, whereas flexible cells would be preferable to overcome traffic-jams at later stages. Furthermore, myxobacteria cells might have evolved a mechanism to regulate their bending stiffness to serve for different purposes in the course of development. For example, the transition of myxobacteria from swarming, where cells are less aligned globally, to the rippling stage that shows a high degree of cell alignment could be a result of cell stiffening. Remarkably, cells of different species appear to have different flexibility (4) , but the importance of this difference is unknown.
In conclusion, the proposed model shows that cell flexibility can be an important factor affecting both the movement of single myxobacteria cells and the alignment of cell populations. Experimental measurement of the important parameters of myxobacteria cells-bending stiffness, engine force, and drag with the substratum-will allow to make more-accurate predictions with the current model. In addition, our model does not consider possible cell-substratum binding forces due to focal adhesions. Although very little is known about the mechanics of focal adhesions, these binding forces could potentially affect cell collision dynamics. Furthermore, cells in our simulations move on a surface in a single layer, an assumption reasonable only for low density of cells. It would be important to investigate three-dimensional cell movement in multilayer populations. 
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